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metal release and sequestration rates were affected to a much greater extent by changes in 23 overlying water pH (5.5 to 8.0) and sediment disturbance (by physical mixing) than by 24 changes in dissolved oxygen concentration (3 to 8 mg/L) or salinity (15 to 45 practical 25 salinity units). The physical disturbance of sediments was also found to release metals more 26 rapidly than biological disturbance (bioturbation). The rate of oxidative precipitation of 27 released iron and manganese increased as pH decreased and appeared to greatly influence the 28 sequestration rate of released lead and zinc. Released metals were sequestered less rapidly in 29 waters with lower dissolved oxygen concentrations. Sediments bioturbated by the benthic 30 bivalve Tellina deltoidalis caused metal release from the pore waters and higher 31 concentrations of iron and manganese in overlying waters than non-bioturbated sediments. 32 During 21-d sediment exposures, T. deltoidalis accumulated significantly higher tissue 33 concentrations of cadmium, lead and zinc from the metal contaminated sediments compared 34 to controls. This study suggests that despite the fact that lead and zinc were most likely 35 bound as sulfide phases in deeper sediments, the metals maintain their bioavailability because 36 of the continued cycling between pore waters and surface sediments due to physical mixing 37 and bioturbation.
Introduction 45 In most aquatic environments, dissolved metal concentrations in overlying waters are low 46 due to precipitation as solids or adsorption to suspended particles and the deposition of these 47 particles as sediments. Once deposited as sediments, biological and chemical 48 oxidation/reduction and precipitation/dissolution reactions result in the redox stratification of 49 both dissolved and particulate metals with sediment depth. The oxic fraction of silty 50 sediments usually extends to depths of 2-5 mm (Kristensen 2000) . At greater depths the 51 sediment becomes sub-oxic, containing mixtures of oxic solid phases (e.g. Fe-and Mn-52 (hydr)oxides) in equilibrium with reduced dissolved phases (e.g. Fe(II) and Mn(II)) (Simpson 53 and Batley 2003). Once the easily reducible Fe-and Mn-(hydr)oxide phases have been 54 depleted, bacteria reduce sulfate to sulfide, which reacts to form metal sulfide complexes 55 whose solubility controls the fraction of metals dissolved in solution (Di Toro et al. 1992; 56 Burdige 1993). 57 The fate and toxicity of metals in the sediments is greatly dependent on the partitioning of 58 metals between the sediment particles and the pore waters (Calmano et al. 1993; Simpson 59 2005). Dissolved metals present in the pore waters are more bioavailable and toxic than 60 particulate metals (Chapman et al. 1998 ). Physical processes (e.g. water currents, 61 anthropogenic disturbance) and the activity of benthic organisms (e.g. burrowing, irrigation) 62 can cause sediment resuspension and mixing of previously redox-stratified sediments with 63 oxygenated overlying waters. This resuspension and mixing alters metal sediment-water 64 partitioning and metal speciation in the dissolved phase, i.e., pore waters and overlying waters This research investigated the influence of the overlying water parameters pH, dissolved 74 oxygen (DO) concentration and salinity on metal release from metal contaminated estuarine 75 sediments in shallow waters. One at a time, each of the three test parameters was selected and 76 varied to low, mid and high values of the parameter, whilst maintaining the other parameters 77 at near constant values. The release of metals across the sediment-water interface into the 78 overlying water, and subsequent sequestration of these released metals was studied with each 79 parameter over a 21-d period. These experiments were performed on bioturbated and non-80 bioturbated sediments, using the sediment ingesting bivalve Tellina deltoidalis. After 21 d 81 the animals were recovered from the test sediments and analysed for metal accumulation in 82 comparison to organisms exposed to a control uncontaminated sediment to ascertain the 83 bioavailability of the sediment metals. Further, in an attempt to understand the effects of the 84 overlying water parameters in the event of a significant sediment disturbance, the 85 contaminated sediment that had been observed for 21 d were physically mixed and metal 86 release to and sequestration from the overlying water were investigated for up to 9 d.
87

Materials and methods
88
Study site and sampling 89 Metal contaminated sediments were collected from the Pb-Zn smelter contaminated Cockle 90 Bay in Lake Macquarie, New South Wales, Australia (151 30' E, 33 00' S). Surface (0-5 91 cm) and depth (10-15 cm) sediment cores were collected from 13 sites ( Figure 1 ) within 3-10 92 m of the shoreline using a polycarbonate corer (5 cm diameter × 30 cm) to identify the 93 optimal sediment for this study. Bulk sediment samples for metal release and bioavailability 94 experiments (30 kg, 0-15 cm depth) were collected, using a shovel from Site 6 ( Figure 1 ), and 95 sieved on-site through 1 mm mesh to remove large debris. Control bulk sediments, used in 96 the metal bioavailability study, were collected in the same manner from Boronia Park, an 97 uncontaminated bay of the estuarine Lane Cove River, Sydney (Table 1) . All sediments were 98 stored in the dark at 4ºC and used within one week of collection. The sieved sediments 99 contained some small benthic organisms (predominantly amphipods at 5 organisms per 100 g 100 sediment) but were considered non-bioturbated in comparison to the grossly disturbed 101 sediments that were physically mixed or contained bivalves. Clean seawater (salinity of 35-45 102 PSU) was collected from Fairy Meadow, NSW, Australia. 103 The sediment ingesting bivalves, Tellina deltoidalis, were collected from estuarine sand 104 and mud flats of Lane Cove River, according to the method of King et al. (2004) . 105 Approximately 400 bivalves (15-35 mm shell length) were collected for bivalve bioturbation 106 tests and 50 bivalves (16±1 mm shell length) for metal bioavailability experiments. 107 Analytical methods 108 All chemicals were analytical reagent grade or equivalent analytical purity. High-purity 109 Milli-Q deionised water (18 M cm -1 , Millipore) was used for all solutions. All glass and 110 plastic-ware was cleaned by soaking in 10 % (v/v) HNO 3 for >24 h followed by rinsing with 111 Milli-Q water. 112 Dissolved oxygen (DO) and temperature measurements were made using a YSI 95 meter 113 (Model 95/25 Ft) and salinity measurements using a WTW meter (LF 320) with a TetraCon 114 325 probe (both meters were calibrated following manufacturer instructions). Salinity After the initial 21-day release period, sediments and overlying waters for all chambers 187 were hand mixed for 10 minutes until an homogeneous black slurry was obtained. Water 188 samples were taken and analysed for dissolved metals every few hours for 48 h, then every 189 second day for six days. Water samples collected during the first 4 h after mixing were 190 centrifuged (10 min, 2400 rpm) to remove the large quantity of suspended particles and the 191 supernatant was filtered (0.45 µm) before metals analysis. 192 Biological availability of the sediment bound metals 193 In addition to analysis of total particulate and simultaneously-extractable metals, the 194 biological availability of the sediment bound metals was also investigated. Twenty-five 195 sediment ingesting T. deltoidalis were exposed to metal contaminated sediments, and a 196 further 25 were exposed to control sediments, for 21 days according to the metal release assay Effect of salinity on metal release from sediments 298 Changes in overlying water salinity are most likely to occur due to short-term freshwater 299 input following rain. In the experiments that started with a salinity of 15 or 25PSU, the 300 overlying water salinity returned to 35±3 within 30 h of the experiments commencing. The 301 strong salinity-buffering capacity of the sediments and the rapid rate at which overlying 302 waters returned to the normal water salinity indicated that any overlying water salinity 303 changes would be only temporary for these sediments. In the natural setting, mixing with 304 surrounding waters would further increase the dilution rate of freshwater inputs. There was 305 no significant difference between the rates of metal release in these experiments. In the 306 evaporated waters experiment with salinity of 45 PSU (maintained throughout the 29-day 307 experiments), there was no difference in metal release rates compared to experiments where 308 the salinity was maintained at 35 (both of these experiments also contained bivalves). 309 Effect of pH and physical disturbances on metal release 345 The metals released from the sediments appeared to be scavenged from the overlying 346 water by adsorbing to resuspended particles and iron and manganese (hydr)oxide solid phases 347 (e.g. Fe(OH) 3 , FeOOH, MnO 2 ), which were formed through the oxidative precipitation of 348 dissolved Fe(II) and Mn(II) cations that were simultaneously released from the pore waters 349 (equations 1 and 2). The influence of pH on these reactions is two-fold: pH influences (i) the rate of oxidation 356 of Fe(II), and (ii) the binding of metals to organic-, iron-and manganese-based metal-binding 357 phases. Both of these processes result in faster rates of metal scavenging in waters with high 358 pH and they concur with the observed results ( Figure 5 ). Santana-Casiano et al. (2004) found 359 that the half life of 1000 µg L -1 Fe(II) in seawater (36.7 salinity, 25 ºC, air saturated) was ~0.8 360 min at pH 8, ~20 min at pH 7 and >300 min at pH 6. The rate of oxidation of Mn(II) and 361 precipitation as MnO 2 is very slow in the pH range 5-9 (Stumm and Morgan 1996) . 362 In the absence of sediment disturbance, the reactions depicted in equations 1 and 2 will be 363 fastest at the sediment-water interface, where oxygen penetration is greatest and the oxidative 364 precipitation of iron oxyhydroxide phases occurs most rapidly. Following sediment 365 disturbance, resuspended particulates that contain metal-binding sites in the form of organic-366 carbon and iron were expected to be more important for scavenging released metals from the 367 overlying water. A return to pre-disturbance metal concentrations occurred as the sediment 368 particulates re-settled, and the sediment redox conditions and sediment-water equilibrium was 369 re-established. 370 The pH experiments indicate that under high-and mid-pH conditions minimal metal 371 release from sediments is observed even with considerable physical disturbance. At low pH 372 (5.5-6) metal release is observable, however, instances of low pH are rare, and natural 373 dilution and pH buffering would minimise effects to benthic biological organisms. 374 Effect of dissolved oxygen and physical disturbances on metal release 375 The results indicated that when DO concentrations were lower, the rate of release of Fe(II) 376 and Mn(II) from the pore waters was faster and steady-state concentrations in the overlying 377 waters were higher ( Figure 6 ). This observation is related to the slower rate of oxidative-378 precipitation and scavenging of these ions as they diffuse through the sediment-water 379 interface. Immediately following sediment disturbance, the release of dissolved iron and 380 manganese was greatest in the high-DO experiments. This was consistent with the sediments 381 of the high-DO experiments having high concentrations of Fe(II) and Mn(II) in the porewaters ( Figure 6 ), but sediment disturbance (rather than diffusion) was required for its 383 release to overlying waters. The effect of DO on metals in the overlying water appeared 384 clearer for Mn than Fe, because of the slower oxidative precipitation of Mn(II) than Fe(II). 385 Effect of bioturbation metal release 386 The effect of bioturbating organisms on metal release from sediment was investigated by The bioavailability of the sediment-bound-metals 403 The metal concentrations in bivalves exposed to contaminated sediments varied 404 considerably, but were of similar magnitude to those typically observed for bioaccumulation 405 studies (Table 1) . Biokinetic studies using Cd and Cu radioisotopes have shown that T. Table 1 . Metal concentrations in test sediments and T. deltoidalis following 21-day exposure. 543 Control and contaminated sediments, mean ± std error (mg kg -1 , dry mass). 
Effect of bioturbation on metal release from sediments
